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Abstract
We have developed HF GFlash, a very fast simulation of electromagnetic showers using parameterizations of the pro-
ﬁles in Hadronic Forward Calorimeter. HF GFlash has good agreement to 7 TeV Collision Data and previous Test Beam
results. In addition to good agreement to Data and previous Test Beam results, HF GFlash can simulate about 10000
times faster than Geant4.
c© 2011 Published by Elsevier BV. Selection and/or peer-review under responsibility of the organizing committee for
TIPP 2011.
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HF GFlash
Previous HF Simulation (based on Shower Library) in CMS Collaboration has no ability to simulate
PMT Window Noise and other noises. The worst part of the previous simulation that it was created using
only discrete energy bins (10 GeV, 20 GeV , 30 GeV, 40 GeV, 50 GeV, etc. not continuous) that limit its
precision signiﬁcantly. The HF Shower Library has another problem because it deletes particles that enter
HF Detector immediately and replace them with Shower Library that has very limited statistics. Fortunately,
we have developed HF GFlash, a fast simulation of electromagnetic showers using parameterizations of
the proﬁles in Hadronic Forward Calorimeter. HF GFlash solves almost all problems that previous HF
Simulation has.
HF will experience unprecedented particle ﬂuxes because on average, 760 GeV per proton proton inter-
action is deposited into the two forward calorimeters, compared to only 100 GeV for the rest of the detector.
Due to this condition, CMS has changed the HF geometry for simulation because it will need very long com-
puting time if we use full HF geometry for huge number of high energy particles. The new HF geometry
does not include detail description of sensitive detectors in HF, but only general description of HF.
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HF GFlash has been optimized to the latest HF geometry and condition. In fact, since we have collision
data available, our understanding about our detector and physics at 7 TeV improved signiﬁcantly and we
have modiﬁed HF GFlash in such a way that it has good agreement to Data and previous Test Beam results.
In addition to good agreement to Data and previous Test Beam results [1], we also have improve the speed of
HF GFlash signiﬁcantly. The new HF GFlash can process electron particle guns 2 times faster than previous
HF GFlash.
Theory
For physics analysis and feasibility studies large number of Monte Carlo events may have to be pro-
duced. Using individual particle tracking, the computing time needed for such kind of simulations increases
approximately linear with the energy absorbed in the detector and can easily become prohibitive. Using pa-
rameterizations for electromagnetic showers can speed up the simulations considerably, without sacriﬁcing
precision. The high particle multiplicity in electromagnetic showers as well as their compactness and the
good understanding of the underlying physics makes their parameterization advantageous.
The Gﬂash package allows the parameterization of electron and positron showers in homogeneous (for
the time being) calorimeters and is based on the parameterization described by G. Grindhammer [2] . The
spatial energy distribution of electromagnetic showers is given by three probability density functions (pdf),
dE(r) = E f (t)dt f (r)dr f (φ)dφ,
describing the longitudinal, radial, and azimuthal energy distributions. Here t denotes the longitudinal
shower depth in units of radiation length, r measures the radial distance from the shower axis in Moliere
units, and φ is the azimuthal angle. A gamma distribution is used for the parameterization of the longitudinal
shower proﬁle, f (t). The radial distribution f (r), is described by a two-component ansatz. In φ, it is assumed
that the energy is distributed uniformly: f (φ) = 1/2π.
The center of gravity, 〈t〉 and the depth of the maximum, T, can be calculated from the shape parameter
α and the scaling parameter β according to
〈t〉 = α
β
T =
α − 1
β
.
In the parameterization all lengths are measured in units of radiation length (X0), and energy in units of
the critical energy Ec deﬁned as
Ec = 2.66
(
X0
Z
A
)1.1
This allows material independence, since the longitudinal shower moments are equal in diﬀerent materials,
according to Ref. [4] . The following equations are used for the energy dependence of Thom and (αhom), with
y =
E
Ec
and
t =
x
X0
where we deﬁne x as the longitudinal shower depth:
Thom = ln y + t1
αhom = a1 + (a2 + a3/Z) ln y.
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HF Calorimeter
The forward calorimeters (abbreviated as HF) in the compact muon solenoid (CMS) experiment at the
large hadron collider (LHC) cover a large pseudorapidity range, 3 ≤ |η| ≤ 5, and thus signiﬁcantly improve
jet detection and the missing transverse energy resolution which are essential in top quark production studies,
standard model Higgs, and all SUSY particle searches [6] [7]. Higgs boson production through weak boson
fusion as a potential Higgs discovery channel requires identiﬁcation of high energy quark jets by the forward
calorimeters. This channel is largely characterized by two energetic forward tagging jets with a typical
transverse momentum of mW2 . CMS forward calorimeters are designed to identify high energy jets with good
precision (20 to 30% at 1 TeV) during its useful life time (about 10 years). The largest suppression against
background is achieved through eﬃcient identiﬁcation of these tagging jets by the forward calorimeters.
The forward calorimeter will experience uprecedented particle ﬂuxes. On average, 760 GeV per proton-
proton interaction is deposited into the two forward calorimeters, compared to only 100 GeV for the rest
central detector. Moreover, this energy is not uniformly distributed but has pronounce maximum at the
highest rapidities. At |η| = 5 and an integrated luminosity of 500 f b−1 (about 10 years operation), the HF
detector will experience about 1 GRad. This hostile environment presents a unique chalenge to forward
calorimeter newest technology, and the design of the HF calorimeter was guided by the necessity to survive
in these harsh conditions, preferably for at least a decade. Successful operation critically depends on the
radiation hardness of the active material. This is the main reason why quarts ﬁbers (fused-silica core and
polymer hard-clad) were chosen as the active medium.
We tried to simulate the computing time for 10000 20-GeV electrons and in Table 1 you can see that HF
GFlash can ﬁnish simulation faster than Shower Library.
Shower Library (previous MC) HF GFlash
Minimum Computing Time 0.0095 0.0059
Maximum Computing Time 3.01 2.81
Average Computing Time 0.62 0.53
Table 1. Comparison of computing time between HF GFlash and Shower Library for 10000 20-GeV electrons.
We also check the longitudinal shower proﬁles produced using HF GFlash and compare them to the
longitudinal shower proﬁles produced using Shower Library. In Fig.1. we can see that longitudinal proﬁles
produced by HF GFlash(CMSSW 3 11 0) and Shower Library(CMSSW 3 10 0 pre3).
Fig. 1. Longitudinal shower proﬁle from 10,000 100-GeV electrons produced using HF GFlash, new HF GFlash, Shower Library. The
left plot is in normal scale and the right plot is in log scale
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Using the results of energy response ratio from Team Beam data as the reference, we can check the
performance of energy response ratio of HF GFlash compared to Shower Library. From Table 2, we found
that HF GFlash has better agreement to Test Beam data compared to Shower Library.
HF GFlash Test Beam Shower Library
S e50/Le50 0.24 0.24 0.20
Lp50/Le50 0.67 0.66 0.63
S p50/Le50 0.51 0.50 0.51
S p50/Lp50 0.76 0.76 0.80
Le50 = Energy deposited in Long Fiber from 10000 50-GeV electrons
S e50 = Energy deposited in Short Fiber from 10000 50-GeV electrons
Lp50 = Energy deposited in Long Fiber from 10000 50-GeV charged pions
S p50 = Energy deposited in Short Fiber from 10000 50-GeV charged pions
Table 2. Comparison of energy response ratio between HF GFlash, Test Beam (reference) and Shower Library using electrons and
pions at 50 GeV.
HF GFlash Test Beam Shower Library
S e100/Le100 0.30 0.30 0.25
Lp100/Le100 0.70 0.69 0.67
S p100/Le100 0.57 0.55 0.56
S p100/Lp100 0.82 0.80 0.84
Le100 = Energy deposited in Long Fiber from 10000 100-GeV electrons
S e100 = Energy deposited in Short Fiber from 10000 100-GeV electrons
Lp100 = Energy deposited in Long Fiber from 10000 100-GeV charged pions
S p100 = Energy deposited in Short Fiber from 10000 100-GeV charged pions
Table 3. Comparison of energy response ratio between HF GFlash, Test Beam (reference) and Shower Library using electrons and
pions at 100 GeV.
HF GFlash Test Beam Shower Library
S e150/Le150 0.33 0.34 0.28
Lp150/Le150 0.71 0.73 0.70
S p150/Le150 0.59 0.60 0.56
S p150/Lp150 0.83 0.82 0.80
Le150 = Energy deposited in Long Fiber from 10000 150-GeV electrons
S e150 = Energy deposited in Short Fiber from 10000 150-GeV electrons
Lp150 = Energy deposited in Long Fiber from 10000 150-GeV charged pions
S p150 = Energy deposited in Short Fiber from 10000 150-GeV charged pions
Table 4. Comparison of energy response ratio between HF GFlash, Test Beam(reference) and Shower Library using electrons and
pions at 150 GeV.
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For energy resolution, we found that HF GFlash can improve the resolution by 50%. In this case, we de-
ﬁne energy resolution as the diﬀerence of energy resolution observed in Test Beam data and Simulation. For
Simulation we use HF GFlash or Shower Library, and we found HF GFlash has better resolution compared
to Shower Library.
Electromagnetic energy response of electrons is predicted to be linear and Test Beam data has shown
that it is linear(within stat. error) up to 150 GeV. We have tuned HF GFlash so that it has linear energy
response up to 14 TeV.
Previous MC Simulation based on Shower Library can not simulate high energy particle for example,
electrons with energy higher than 2 TeV. Fortunately HF GFlash can handle not only low energy particles
but also high energy particles. We can prove that HF GFlash can produce nice longitudinal proﬁles correctly
for 1 TeV, 7 TeV and 14 TeV (see Figure 2)
Fig. 2. Longitudinal Shower Proﬁle produced by HF GFlash for electron with energy 100 GeV(blue), 1 TeV(red) and 14 TeV(black).
This plot shows the capability of HF GFlash to handle very high energy particle simulation.
Fig. 3. HF GFlash has linear energy response for electron with energy from 50 GeV to 14 TeV
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One major breakthrough that we achieve last year is the ability of HF GFlash to simulate PMT Windows
hits for the ﬁrst time and previous MC Simulation can not simulate PMT Window Hits. This achievement,
encourage us to simulate other noises such as Fibre Bundle and Jungle in HF. The early results show that
inclusion of PMT Window Hits, Fibre Bundle and Jungle improve the agreement between HF GFlash Data
and 7 TeV Collision Data.
We have used HF GFlash to produce some sample datasets, for example: ttbar, Z→ee and MinBias. The
memory consumption is very crucial and we have checked and conﬁrmed that HF GFlash used reasonable
computer memory consumption for physics simulation. We use the correct geometry and we have done val-
idation of HF GFlash using CMSSW 3 10 0 pre9 (a standard CMS software combination used for analysis
at the end of 2010) when HF GFlash was chosen as the default of HF Simulation.
We reconstruct SimHit produced by HF GFlash to produce RecHit(reconstructed hits) that will be used
for physics analysis in CMS Collaboration. We should be very careful about timing in RecHit and we see
that HF GFlash gives reasonable timing information compared to certiﬁed Collision Data.
By the end of November 2010 we have collected about 36 pb−1 certiﬁed Collision Data that can be
used to study RecHit(reconstructed hits) energy distribution in HF towers for Long and Short Fibres. Using
MinBias generator we can simulate HF RecHit for every tower. We have made 52 comparison plots for
every HF tower and we found the HF GFlash has good agreement with 36 pb−1 Certiﬁed Collision Data and
we can see HF GFlash can perform better than previous MC based on Shower Library.
The crucial part of tuning is coming the next few months when we have 100 f b−1 Collision Data from
CMS Detector. At that time, we will have reasonable number of events to use Z→ee to tune HF GFlash with
real physics process. In this analysis we will one electron in central region as the tag and the other as the
probe to check the performance of HF GFlash.
Fig. 4. Recontructed hit energy at towers 31, 33 and 39 collected using HF GFlash (Blue), Shower Library (Red) and 2010 Collision
Data (Black).
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Summary
We have developed the most powerful simulation on earth that can handle very high energetic particles
with better performance. HF GFlash has been compared and tested
1. Test Beam data
2. Shower Library
3. 36 f b−1 Certiﬁed Collision Data
Due to its better performance, CMS Collaboration has chosen HF GFlash as the standard HF Detector
simulation since 2011. HF GFlash has been tested and the tests showed that it is faster and more accurate
so that HF GFlash will be a very useful simulation not only for CMS Detector but also for other physics
experiments, such as International Linear Collider, Muon Collider, etc.
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